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Abstract 

We extend previous calculations of polarization observables for the annihilation reaction p+p — >■ 
l" + to the case of heavy leptons, such as the r-lepton. We consider the case when the beam 
and/or the target are polarized, as well as the polarization of the outgoing leptons. We give 
the dependence of the unpolarized cross section, angular asymmetry, and various polarization 
observables on the relevant kinematical variables in the center of mass and in the laboratory 
system, with particular attention to the effect of the mass induced terms. 
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I. INTRODUCTION 



Reactions induced by antiproton beams will be investigated in next future at the an- 
tiproton Facility at Darmstadt, FAIR [1] by the PANDA collaboration Among the 
many possible final channels in proton antiproton annihilation, we are interested here in the 
creation of heavy lepton {£) pairs p + p ^ i~ + i = fJ^, t, through the exchange of one 
virtual photon of four- momentum transfer squared g^. 

The case p + p — )■ e~ + has been first studied in Ref. 3| in connection with the 
possibility to extract proton form factors (FFs) in time-like region, assuming one photon 
exchange. Polarization observables have been derived in Ref. j4|. More recently, single and 
double spin observables were derived in terms of proton FFs, and calculated on the basis of 
selected model which reproduce the existing data in the scattering and annihilation region 
[sl. Model independent expressions of single and double spin observables for the reaction 

af p — )■ e~ -|- e"*" including the contribution of two photon exchange have been given in Ref. 
. In that paper, it was already mentioned the interest in p + p annihilation into heavier 
leptons: 

• polarization observables corresponding to the transverse polarization of the lepton 
contain the factor mi/E {mi is the lepton mass, E is the incident energy): in case of 
electron, this factor corresponds to a huge suppression, whereas, in case of r-lepton it 
becomes an enhancement, making the measurement easier in the GeV range. 

• the polarization of unstable particles (yU and r) can be measured in principle through 
the angular distribution of their decay products. 

• radiative corrections are different (essentially suppressed) in case of heavy leptons. 

Radiative corrections appear to be a critical issue for the extraction of proton form 
factors ine + p— T-e + p elastic scattering (see [7| and Refs. therein). In time-like region, all 
the information on the nucleon structure and on the reaction mechanism is contained in one 
precise measurement: the angular distribution of one lepton at fixed g^. Symmetry properties 
can be used to enhance or suppress C-odd terms arising from two photon exchange. The 
forward-backward angular asymmetry contains unique information on the ratio between the 
electric and magnetic FF ratio. 
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Following the formalism of Ref . js | , we extend the calculations of polarization observables 
for the annihilation reaction p + p l~ + , io the case of heavy leptons, such as /i or 
r. The main difference in the analysis of the observables in the annihilation into a r pair, 
is that the r-lepton has a mass larger than the proton. Therefore, the mass can not be 
neglected as in the case of the annihilation into electron-positron pair. This introduces new 
terms in the expressions for the polarized and unpolarized observables. The aim of this work 
is precisely to analyze these terms. 

We consider the case when the beam and/or target are polarized, as well as the outgoing 
leptons. We give the dependence of the unpolarized cross section, of the angular asymmetry, 
and of various polarization observables on the relevant kinematical variables and study the 
effects induced by the heavy mass. We derive general, model independent expressions, 
in terms of electromagnetic FFs in the reaction center of mass system (CMS), which is 
considered the natural frame for annihilation reactions, and also in the laboratory frame 
(Lab), since this reaction may in principle be studied at PANDA, which is a fixed target 
experiment. 

Some of the present results may be found in the literature. The expressions for the dif- 
ferential cross section and the polarization observables for the reaction p + p — )> + were 
given in terms of the nucleon electromagnetic FFs in the Lab system in the approximation 
of zero lepton mass in Ref. 8]. In Ref. Q] the lepton mass was taken into account for the 
calculation of polarized and unpolarized observables in the reaction e"*" + p + in 

the reaction CMS. The observables related to the lepton polarization were not considered. 
Indeed, these observables may be experimentally measured, by analyzing the angular distri- 
bution of the lepton decay products. The ALEPH collaboration, for example, measured the 



r polarization from different decays such as r — )■ vr" + z/,-, r — )■ ai + z/,-, r — )■ p + z/,- 10|, 

In Section II we recall the general expressions of the lepton and hadron tensors as functions 
of the proton electromagnetic FFs, and give the expression for the unpolarized differential 
cross section in CMS and Lab systems. In Section III single, double and triple polarization 
observables are derived, and the effect of the mass- dependent terms is discussed. In Section 
IV the kinematics is illustrated and numerical results for all the observables are given, under 
specific assumptions for the electromagnetic FFs. Conclusions summarize the results. 
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II. GENERAL FORMALISM 



Let us consider the reaction: 

P{pi)+p{P2)^r{h) + t{k2), (1) 

where £ = e, fi oi t and the four-momenta of the particles are written in parenthesis. In the 
Born approximation q = ki + k2 = Pi + P2 is the four momentum of the exchanged virtual 
photon. 



Following the formalism of Ref. {g], one can write the spin structure of the matrix element 
as: 

M = -p,J,. (2) 
The leptonic and hadronic currents are: 

jf, = u{ki)-fi,v{k2), (3) 

and 

J, = v{pi)[GM{q'h, + ^F2{q')Hp2), (4) 

where = {pi — p2)^/2, and M is the hadron mass. The quantities GM^'f) and -^2(5^) 
are the magnetic and Pauli FFs of the proton. They are complex functions of the variable 
q^. The complex nature of FFs in the time-like region of momentum transfer is due to the 
strong interaction in the initial state. We use below the Sachs magnetic and charge FFs, 
which are related to the Dirac and Pauli FFs -^1,2(0'^) as follows: 

GM{q^) = F,iq') + F2(g2), G^(g^) = F^iq') + VpF2iq'), Vp = qVm')- (5) 
The differential cross section is related to the matrix element squared ([2]) by 

= ^l-^l i2.)HE,E2 ^ '^^^ 
where I = {pi ■ ^2)^ — P1P2 and Ei{E2) is the energy of the lepton, and 

2 e'* 

l-^l — '^-^tJ.vH^y, Lf^i^ = j^j*, = J^J*. (7) 
The leptonic tensor for the case of unpolarized lepton is: 

= 4(/ci^/c2. + /ci./c2m) - ^q^g^u. (8) 



The contribution to the electron tensor corresponding to a polarized electron target is 

L|fJ = 2imie^uafiqaSf3, (9) 

where S*^ is the polarization four-vector describing the lepton polarization. 
Following Ref. jsl, the hadronic tensor for unpolarized protons is: 

Hj^J = (^9,. - ^) H, + P,P,H,, (10) 

where 

H, = -2g2|GM|' ,H2 = ^-[\GMf-Vp\GE\% (11) 

The matrix element squared of the reaction, is obtained by the contraction of leptonic 
and hadronic tensors (averaging over the spins of the initial particles and summing over the 
spins of the final particles). 



A. The differential cross section in CMS system 

The following analysis of the polarization observables will be done in the center of mass 
system (CMS). Let us define a coordinate frame (in CMS), where the z-axis is directed along 
the antiproton momentum 2 || the y-axis is directed along the vector p x k and the x 
axis in order to form a left handed coordinate system. In this frame, the four vectors of the 
particles are 

Pi = iE,p}, p2 = (E, -p), k, = {E, k), k^ = (E, -k), with E = (12) 



p = (0,0, -^^-M2), k= ^ - mjsm9,0, ^ ^ - mjcosej , k-p= |A^||p1cos^, 

and 6 is the CM angle of the negative lepton with respect to the antiproton beam. 
The differential cross section in the reaction CMS takes the form: 

dQ " 4g6 z?/'^^^'^- ^^^^ 
where /3| = 1 — Amj/q"^ is the velocity squared of the lepton i of mass ( £ = e, /i or r) 
and f3p = 1 — AM^/q"^ is the antiproton velocity squared. 
In CMS, the unpolarized differential cross section is : 

;i - /3| cos^ 0) + \Gm\\2 - (5l sin^ 6). (14) 



da^ 


0? Pi 


dVt 
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Integrating the differential cross section (H^ over the sohd angle one finds the expression 
for the total cross section: 
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(15) 



which depends on the moduli squared of FFs, and does not contain any interference term. In 
;he limit of zero lepton mass, this expression coincides with the results previously obtained 
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From the comparison between Eqs. (d 
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sin^6' + IGAfPfl + cos^i 



Vp 



+ 2\G 



M\ 



(16) 
(17) 



and f|T6l) one can see that the terms due to the 
lepton mass does not change the even nature of the differential cross section with respect to 
cos^, as expected from the one photon exchange mechanism, but changes the ratio of the 
cross section at 6 = 0° or 180° with respect to the cross section a.t 6 = 90° degrees. 

One can express the differential cross section as a function of an angular asymmetry A, 
defined from the slope of the linear cos^6' dependence. The cross section, Eq. f fT4|) . can be 
rewritten as: 



da 
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where 



and 
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(18) 
(19) 
(20) 



The measurement of the asymmetry A allows to determine the ratio of the moduli of the 
FFs through the relation: 



G, 



G 



M 



Vp- 



/3| - (2 - ^l)A 
P] + A ■ 



(21) 



B. The differential cross section in Lab system 



In case of the laboratory system, the four vectors of the particles are: pi = {E,p), 

P2 = (M, 0), ki = {El, ki), ^2 = {E2, k2). The differential cross section takes the form: 

dao ^ Q? k^ 
In ~ Aq^Mp 



(Wk - i^ipcosl 



1 r TT 

^p,vJ^ 



(22) 
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where W = E + M is the total energy of the reaction, E{Ei) and p{ki) is the energy and the 
magnitude of the momentum of the antiproton beam (scattered [~ lepton), 6i is the angle 
between the momenta of the antiproton beam and of the scattered l~ in the Lab system. 
For simphcity, we denote k = \ki\ and p = \p\, and |Gs,m(q'^)P = \Ge,m\'^- 
In terms of FFs, the differential cross section is written as: 

^ = f ^^''""'liWk - E,pcose,r V\ (23) 



1)^ = 2M'{2Ef - 2WEi + MW)[t]p\Gm\ -\Ge\ ] + P {mj + MW)\G 



M\ 



III. POLARIZATION OBSERVABLES 



The unpolarized cross section contains only the moduli squared of the form factors. In 
the time-like region, FFs are complex functions, due to unitarity and analyticity. The 
investigation of reaction ([T]) with polarized antiproton beam and/or polarized proton target 
carries information about the phase difference of the nucleon FFs, $ = $m — where 
^M,E = CLf'gGM,E- This phase difference contains important information on the nucleon FFs 
and its determination represents a stringent test of nucleon models. 

The calculation of polarization observables requires to define a coordinate frame. Let us 
define a coordinate frame in the same way in Lab and CMS systems: the z axis is directed 
along the antiproton momentum p, the y axis is directed along the vector pxk, and the x 
axis in order to form a left handed coordinate system. 



A. Single spin observables: the analyzing power 

Unlike elastic e~p scattering in one-photon exchange approximation, the hadronic tensor 
in the reaction ([1]) contains an antisymmetric part due to the fact that nucleon FFs are 



complex functions jo]. Therefore, in the present case, the polarization of the antiproton may 
lead to nonzero spin asymmetry. 

The polarization four- vector of a relativistic particle of mass M, energy E and momentum 
p , is defined by : 

^_ ^ P- XP _P-X 
^ ^ M{E + M)'^ M ' 

where x is the polarization vector in the rest frame of the particle. 
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The hadronic and the leptonic tensors can be written as a sum of unpolarized and po- 
larized terms. As a starting point, we consider the case when only the antiproton beam is 
polarized, the hadronic current can be written as: 

H,. = H(;J + H;^J{s,), (24) 

where Si^ is the polarization four-vector describing the antiproton polarization. The explicit 
expression of the tensor if^i^(si) in terms of nucleon electromagnetic FFs is: 

+ {r]p - lY^ReGM{GE - GmY^K fipiP2Si > Py- < i^piP2Si > Pf,)] 
2 

+ T77 —IrnGMG^iK upmsi > Pu+ < VP1P2S1 > Pf,). (25) 

M{r]p - 1) 

The contraction of the spin-independent leptonic tensor L^fJ and the part of the hadronic 
tensor (l25ll . L^^uH^J{si) leads to the following expression of the differential cross section 

J C,L J C,L 

where Ay'^ is the single spin asymmetry due to the antiproton polarization, xi is the polar- 
ization of the antiproton in its rest frame. The asymmetry Ay'^ has the form: 

jyc^c ^ ^I^^j^GmG*^. (27) 



One can see that taking into account the mass of the lepton leads to a factor /3| which 
decreases when the antiproton energy increases, if we take the limit of Ay when the mass 
of leptons tend to zero, we obtain the known expression for the asymmetry of electron 
production 51]: 

V^'A^'ime -> 0) = ^-^IuiGmG*^, (28) 



where 

\G 1^ 

V^ime^O) = i!^sin2^+ |Gm|'(1 + cos2^). (29) 



In the laboratory system the asymmetry can be written as: 

V^A^ = 2M{2Ei - W)pk sin OiImGuGl. (30) 

The dependence on the lepton mass is hidden in the expression for the lepton energy Ei. This 
asymmetry is determined by the component of the polarization vector which is perpendicular 

8 



to the reaction plane. One can see from Eqs. (127|) and (l30!l that this asymmetry vanishes 
in coUinear kinematics, for 6 = 0° or 180°. It can be explained, since in a parity conserving 
electromagnetic interaction the spin asymmetry is determined by a correlation of the type 
Xi ■ {p X ki) . Therefore, it vanishes when the lepton momentum is parallel or antiparallel to 
the antiproton momentum. The single-spin asymmetry, although it is a T-odd observable, 
does not vanish in one photon exchange approximation, due to the complex nature of FFs in 
time-like region. This is a principal difference from the elastic ep scattering, where nucleon 
FFs are real functions. 

The measurement of this asymmetry allows to determine the phase difference of the 
nucleon FFs, when the moduli are determined from the unpolarized differential cross section 
measurement jo]. 

The single spin asymmetry due to the polarization of the r-lepton vanishes, since the 
symmetric spin- independent part of the hadronic tensor is contracted with the antisymmetric 
part of the spin-dependent leptonic tensor. Contrary to the spin- dependent hadronic tensor, 
the spin-dependent leptonic tensor does not contain any symmetric part (over the indices n 
and z/). This is due to the fact that we assume that the electromagnetic interaction of the 
r-lepton is point-like (does not contain FFs) as in case of e or fi. The measurement of this 
asymmetry constitute an experimental test of the point-like nature of the r-lepton, at large 
values of g^. 

Note that the inclusion the two-photon exchange mechanism may lead to a non-zero 
value of the single-spin asymmetry due to the r-lepton polarization jg]. In the case of e or 
pair production, the contribution of two-photon exchange is suppressed by the presence of a 
factor rrii/M in this asymmetry. But, in case of r pair production, this factor will enhance 
the terms due to two-photon exchange. Therefore, the measurement of the polarization of 
a single r lepton in the collision of unpolarized particles is a direct test of the presence 
of the two-photon exchange mechanism. An advantage of this measurement is that the 
polarization of unstable particles can be measured through the angular distribution of their 
decay products. 
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B. Double spin polarization observables 



1. Polarization transfer coefficients 

Let us consider now the polarization transfer when the antiproton beam is polarized and 
the polarization of the produced negative lepton is measured. 

We denote the direction of the lepton polarization vector (in its rest system) by the 
indices: f (longitudinal) along its momentum, t (transverse) which is orthogonal to the 
momentum in the reaction plane and n (normal) which is perpendicular to the reaction 
plane. Then the following three independent polarization four vectors describe the lepton 
polarization in the reaction CMS 

sf = — (A;,Esin^,O,Ecos0), sf = (0, cos0, 0, - sin^), = (0, 0, 1, 0), (31) 

nil, 

where E{k) is the energy (magnitude of the momentum) of the lepton in the reaction CMS. 
The non- vanishing transfer polarization coefficients are: 



^ _ 2sin^ T-c.^cos^ |2 _ ^m^ ReGEGlj 

c _ cose c_ o^i siii^ ir^ ,2 .o9^ 

These coefficients are T-even observables, and they do not vanish in the one-photon exchange 
approximation as well as in the elastic lepton-nucleon scattering. The coefficients T^, T^, 
are proportional to the mass of the produced lepton and they are suppressed by the factor 
rrii/M for i = e or fi. In the case of r-lepton this factor constitutes an enhancement of ~ 2. 
The polarization observables Tf^ and are determined by the magnetic FF only, whereas 
T^, and T^y by the factor ReGMG*E- Therefore, the measurement of the coefficients 
T^, T^y, and can give in principle the information on the phase difference of the nucleon 
FFs. In the limit of zero lepton mass, the expressions fl32l) coincide with the corresponding 



results of Ref. [5l and of Ref. 



Gj, neglecting the two-photon contribution. 
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In the Lab system, the polarization transfer coefficients have the following form: 

V^T^^ = 2MWEi{E - M)smeiReGMGE, 

P^T/, = 2M^[(r^p-l)m| + £;i(£;i-r^pM2)]|G'Mr, 

V%^^ = 2WmiM^{Ei - M)ReGMG*E, 

rh 

V%^^ = -rmWp'^smei\GM\'^, 

P^t4 = 2meMp''ReGMG*E. (33) 
The angular dependence of the observables is hindered in Ei and T>. 



2. Analyzing powers in polarized proton- antiproton collisions 

Let us consider the case when the polarized antiproton beam annihilates with a polarized 
proton target. 

The part of the differential cross section which depends on the polarization of the an- 
tiproton beam and proton target can be written as: 



— * C L 

where X2 is the polarization vector of the proton in its rest frame and A^- are the spin 



correlation coefficients which have the following form in the reaction CMS: 
P^A,^, = sin^^/3,M ^ + |GMrV 



Vp J VpVe 

|2 \ I ^ 1 2 

<J"B| I ^ ,2 1 , I'^El 



V^A^', = sin^e^,^ 1^-\Gm\ 

Vp J w 

\ Vp J VpVi 

V^Ag = V^Al^ = '^P^RsGmGI. (35) 

One can see that at small angles the contribution which is proportional to \Ge\'^ dominates 
in the analyzing powers Ag and Ayy and this effect arises from the heavy lepton mass. So, 
this effect is absent in the production of e and fi pairs. The measurement of these observ- 
ables represent a potential interest since in all observables considered above the contribution 
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related to the electric FF is suppressed by the factor r]'[^. The coefficient A^^ gives informa- 
tion about the relative phase, through the term cos*!*. Combining this coefficient and the 
single spin asymmetry A^', one can obtain an useful relation between these quantities: 



tan$ 



4: 



(36) 



The measurement of the spin correlation coefficients A^^ and Ayy allows to determine the 
ratio of the FFs moduli through the relation: 



G 



M 



7^ + 1 



1 + T]-^ cot2 en-V 



n 



^yy 



(37) 



Note that the sum of the double analyzing powers A'^^ and Ayy is proportional to |G_Bp: 



T^''iA^:x + A'^y) = -(- + P!sm^9 
Vp \Vi 



\Ge\'^- 



(38) 



As it is shown below, the numerical values of these observables are large, therefore, the 
measurement of this sum can be considered, in principle, as a good method for the deter- 
mination of |G_e;|. The advantage of measuring the ratio of polarization observables instead 
of the unpolarized cross section, is that systematic errors associated with the measurement 
essentially cancel as well as radiative corrections, at least the multiplicative ones, allowing 
more precise measurements. This is a well known general fact, and it is at the basis of the 



successful application of the polarization method [12|, |l3| in the space-like region (Ref. 



f. S). 



The double spin analyzing powers have the following form in the Lab system 
-MW 



2{rip - l)mj IGuf + (2^i - 2WEi + MW) ( — 

\Vp 



Gsf + \G]\if 



V^Aiy 

V^At 



-MW 



1 



{2Et - 2WEi + MW){— \Ge\ - \Gm\ ) - 2{r]p - \)m\ \Gm\ 

Vp 



xz 



2M^ [{2El - 2WEi + MW) (IG^I' + r/p \Gm\^) + 2r7p(r/p - l){m] + MW) \Gm?] , 
V^A^^^ = 2Mpk{2Ei - W) sin ORcGmG*,^. (39) 



In the limit of zero lepton mass, these double analyzing powers coincide with those obtained 
(in Lab system) in Ref. ^| (a part of the missing factor sin 6' in A^^ and A^^). On can verify 
that the relation fl5^ between the phase difference and the single and double analyzing 
powers is still valid in the Lab system. The ratio of the nucleon FFs \Ge/Gm\ can also be 
determined from the quantities A^^ Ayy, but the corresponding expression (analogue to Eq. 
( l37|l is more lengthy. 
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3. Correlation coefficients: polarized lepton-antilepton pair 



Let us consider the case when both leptons are polarized in the annihilation of unpolarized 
antiproton and proton. The leptonic tensor can be written as: 

L^iuisi, S2) = -{kii^k2u + huhti - —gixv)si ■ S2 + {kii^S2„ + ki„S2^i)k2 ■ si 

+ {k2i^Siu + k2uSl^)ki ■ S2 - {Sl^S2u + Sij,S2^)— - Q^ukl ■ 52^2 " «!, (40) 

where Si^(s2^) is the polarization four vector describing the polarization of the Icpton, 
with ki ■ Si = k2 ■ S2 = 0. The non-zero correlation coefficients between the two polarized 
leptons, can be obtained by the contraction of the leptonic tensor with the spin-independent 
hadronic tensor. 

The part of the cross section which depends on the polarizations of the produced leptons 
can be written as: 



da 



C,L 



da, 



C,L 



(41) 



dn dfi ' 

where (^2) is the polarization vector of the lepton £"(£+) in its rest frame and C^' are 
the polarization correlation coefficients. In this case, the indices n have the following 
meaning in the reaction CMS: I (longitudinal polarization) means that the polarization 
vectors of the negative Icpton (^1) and positive lepton (^2) in their rest frames are directed 
along the momentum of the negative lepton, t means that both polarization vectors are 
orthogonal to this momentum (transverse polarization) and n that both polarization vectors 
are normal to the reaction plane (normal polarization). 

Then, the nonzero polarization correlation coefficients, in the reaction CMS have the 
following form 



sin^ 90, 



sin^ ^ 1 + 



sin^ ^ 1 + 




+ 2|GmI — 



\G 



E\ 



VpVe 



(42) 
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From these expressions one can see that, for the r- lepton, the large mass lead to an 
increase of the \Ge\^ term in the angular regions ~ 0° and 9 ~ 180°. This effect es- 
sentially decreases for e and /i. One can see also that these correlation coefficients do not 
contain information about the phase difference of nucleon FFs. The polarization correlation 
coefficients have the following form in the Lab system: 

1 



Lr^L 
nn 



{El-WEi + 7]j,M^){\G 



\Ge?) + {Vp - l)mj\G 



M\ 



(43) 



V^Gh 



miq — sm 6 
h 

iTLiq — sm U 



1 



(r/,M - E,)-\Ge\' - VpiE - E,)\Gm\' 
Vp 



{r]pM - E,)-\Ge\' - VpiM - E^)\G 
Vp 



M\ 



me 



{{WEi - - WEi + r^pm] + r]pM^)\G 



M\ 



--\Ge\'' [VpME^iE, - M){2E, - W) - Vp{r]p - l)M'k^ - {E^ - ^pM^P] ] 
Vp ) 



Lr^L 



V^G, 



{ [r/,(r/p - l)m2M2 + {WE, - e){E, - rj^Mf] {\Ge? - Vp\Gm\ 



kk2 

-r],{r], - 1) [M'E,{W - E,){\Ge\' + Vp\Gm\') + mj{WE, -W^ - k^)\GM?])] 



where k2 is the magnitude of the r"*" lepton momentum, k^ = {W — EiY — frij. Note that 
in Lab system, the notation of polarization vectors i, t, n refers to the direction of the 
momentum of the corresponding lepton. 



IV. TRIPLE SPIN POLARIZATION OBSERVABLES 

Let us give here some examples of triple-spin polarization observables, calculated in the 
reaction CMS. 

We consider now the polarization observables of the production of a polarized (negative) 
lepton in the annihilation of polarized proton-antiproton. These coefficients are called Mjoj/c 



in the notations from Ref. 



y. 



Here the four subscripts denote, respectively, the detected 
particle, the associated particle, the projectile, and the target. The indices z, j correspond 
to n, t, according to the direction of the polarization vectors of the lepton, or to x, 
referring to the direction of the hadron. 

For the case of longitudinally polarized lepton, the nonzero coefficients are : 

V^M,,,y = V^M,oy.= ^-^ImGuGl. (44) 
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For the transverse and normal polarizations of the lepton, we have : 

V^Mno..= V^MnOz. = --^ImGMG*E. (45) 

These observables do not contain additional information about nucleon FFs. In the limit 
of zero lepton mass only Miozy and M^oyz are nonzero, and their expressions coincide with 
the results obtained for the coefficients D^y and Dy^ obtained in Ref. [6|] for the case of 
polarized proton-antiproton pair and longitudinally polarized electrons. 

The polarization observables in the case of annihilation of a polarized antiproton beam 
with unpolarized proton target, when the polarization of both lepton and antilepton is 
measured can be written as: 

T^^Gttyo = — " , ~ IfT^GuG*^, 



T^^CuyQ — ———— IuiGmG*^, 



T^^GnnyO — „ /S"^ luiG mG*^, 

T^^G^nxo = T^'^Gnixo = Ii^GmG*^, 

V^Guyo = V^Guyo = ^^ImGMG*E. (46) 
The remaining coefficients vanish. In the case of zero lepton mass, one finds Ggnxo = Cnfao = 

GuyO = GtiyO = 0. 

Note that the ratio of any pair of these triple spin polarization observables does not 
depend on the nucleon FFs, but is function only of kinematics variables. This is a con- 
sequence of the one-photon exchange approximation. In case of presence of two-photon 
exchange, this property does not hold anymore. Therefore, in principle, the measurement 
of these observables gives an indication on the presence of additional mechanisms beyond 
Born approximation. 
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V. NUMERICAL RESULTS 



A. Kinematics 

In CMS, the lepton pair is emitted back to back and each lepton carries half of the total 
energy. In Lab system, the kinematics for a massive lepton, in particular for r-lepton, which 
mass is larger than the proton mass, is essentially different from the case when the lepton 
mass is neglected. In case of e or /x, there is no limitation for the angular region of the 
produced (negative) lepton in the Lab system, and there is a unique relation between the 
energy and the angle: 

~ . (47) 

When the mass of the lepton exceeds the proton mass, there is a maximum limiting angle 
for the lepton emission Omaxi which depends on the lepton mass and on the incident energy: 

cos Oma. = ^ ' , 48 

rriip 

and it is illustrated at vertical lines in Fig. [1] 

In Lab system, from the conservation laws of energy and momentum one finds that one 

angle corresponds to two possible values for the energy of the emitted r~ lepton: 

, _ MW^ ± cos2 01 [W^{M^ - mj) + mjp'^ cos^ Oi] 
^ ~ (1^2 _p2 cos2^^) • ^ ) 

This is illustrated in Fig. [H for three incident energies E = 6.85 GeV, just above threshold 

(blue dash-dotted line), E = 15 GeV (black solid line) and E = 30 GeV (red dashed line), 

well above threshold. 

The correlated lepton has two values for the energy (which satisfy energy conservation) 
and is emitted at two corresponding angles (Fig. [2]). 

B. The cross section 

In order to illustrate the different polarization observables, in line with previous works 
(see Ref. 5|), we choose two parametrizations for time-like FFs. The first one is based on the 
vector dominance models of Ref. The second one is a pQCD inspired parametrization, 
based on analytical extension of the dipole formula in time-like region: 
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Fig. 1: (color online) Energy of the t~ lepton as a function of the emission angle for E = 6.85 GeV 
(blue dot-dashed line), E = 15 GeV (black solid line) and E = 30 GeV (red dashed line), in Lab 
system. The limiting angles are shown as vertical lines for the corresponding energy. 

where A = 0.3 GeV is the QCD scale parameter and the value of A has been fitted to the 
existing data. 

The ratios between the total cross section for an heavy lepton i production i = t 
(m^=1776.82 MeV), or £ = /i (m^=105.66 MeV), Eq. ( IT5l) . with respect to the cross section 
for the production of an electron pair (mg = 0.511 MeV), Eq. f lT7|) . is written as: 

and is illustrated in Fig. |3l as a function of the total energy of the system (from the 
pp annihilation threshold of r(/i) production, ^/q^ = 3.5536 GeV {>/(f = 1.8765 GeV)). 
The corrections to the ratio due to the mass are of the fourth order and proportional to 
(m^/y^)^ {3]; therefore, over the kinematical threshold, the cross section is similar to 
the electron one. But for r production, the variation is significant in the energy region over 
the r+r" threshold. 

The angular dependence of the differential cross section is shown in Fig. HJ at a fixed 
value of g^. For illustration, we use here the FFs parametrization from jl^. 
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e^[deg] 

Fig. 2: (Color online) emission angle 62 as a function of the angle 0i in Lab system. Notations 
as in Fig. [H 

As mentioned above, the effect of the mass is to change the stiffness of the angular 
dependence of the differential cross section as function of cos^^, as illustrated in Fig. |4](left), 
for = 15 GeV^. For r the relative contribution of the electric to magnetic term is larger. 
In other words, the effect of the mass is to change the slope and the intercept of the linear 
dependence of the differential cross section as function of cos^ 6, as illustrated in Fig. H] 
(right). 

C. Polarization observables 

The CMS dependence of the single spin asymmetry, as well of the triple polarization 
observables and of some double spin observables, is driven by the term ItuGmG*^ (besides 
simple kinematical coefficients), therefore it will constitute a direct test of nucleon models. 
The single spin asymmetry has been calculated for e, n and r lepton pair production, at 

= 15 GeV^, for the FF parametrization ot Ref. [l^ in CMS (Fig. [5]). It is very small for 
r lepton, whereas for /x and e it exhibits a strong forward backward angular asymmetry. In 
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Fig. 3: (Color online) Total cross section ratios Ri = , for £ = t (red dashed line) and I = fi 

(blue solid line) as function of ^fcp. The shaded area illustrates the region below the physical 
threshold for p + p annihilation. 

the energy distribution (Lab system) a pronounced structure is visible around E ^ 7 GeV, 
at cos6'i = 0.95° for /i and e (Fig. E]). For r the this observable is small, in all the energy 
range. The double solution is shown. 

The non vanishing double spin observables are shown in Fig. [7] for the parametrization of 
Ref. 16| as a function of cos 6 in CMS for E = 15 GeV. From top to bottom, from left to right 



are illustrated: the polarization transfer coefficients, T^, Tf^, T^y, T^, T^^ from Eqs. fl33|) . 
the analyzing powers in polarized proton- antiproton collisions A^^, Ayy, A'^^, J^.^ from Eqs. 
f l35p . and the correlation coefficients when the polarization of the lepton-antilepton pair is 
measured: C^, Cf^, from Eqs. fH2|) . Note that Ayy coincides with and it is not 
shown. 

In Fig. [HI the observables are shown when FFs are calculated from Eq. |50l where 
\Ge\ = \Gm\- Note that this pQCD inspired parametrization does not have any imaginary 
part, therefore some of the observables vanish. From top to bottom, from left to right are 
illustrated: the polarization transfer coefficients, T^^, from Eqs. (l33l) . the analyzing 
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Fig. 4: (color online)Differential cross section as a function of cos^ (left); as a function of cos^ 9 



16| , for ^ = r (red dashed line) , £ = fi (blue 



(right) for q^=15 GeV^, assuming the parametrization 
solid line). The calcualtion for i = e (black dotted line) is hardly visible since it overlaps with the 
^ line. 

powers in polarized proton-antiproton collisions A^^, Ayy, A'^^ from Eqs. ( I35l) . and the 
correlation coefficients when the polarization of the lepton-antilepton pair is measured: C^„, 
C,?, Q^, C,^ from Eqs. gl. 

For the r-meson, the effect of the mass is sizable in all the observables. The difference 
between /i and e is tiny and it is best seen in the observables related to the transverse 
polarization, such as Ttz and Cu- This effect is relatively larger when the incident energy is 
smaller. 



VI. CONCLUSIONS 

The calculation of polarization observables for the annihilation of proton-antiproton into 
a lepton pair was extended to the case of heavy leptons, such as r. In this case it is 
not possible to neglect the lepton mass. The calculation was performed in the one-photon 
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Fig. 5: (color online) Single spin asymmetry as a function of cos 6 for q^=15 GeV^, for the 
parametrization [jj]. Notations as in Fig. HI 




exchange approximation, The expressions of the observables are given in terms of nucleon 
electromagnetic FFs. 

We calculated the polarization observables in the reaction CMS, which is considered as 
the natural frame for the study of annihilation reactions, and also in the Lab frame, as this 
reaction may be studied in principle, at the PANDA experiment which is a fixed target 
experiment. 

The following cases were considered: the antiproton beam or the proton target are polar- 
ized (the one single beam or target asymmetry), the antiproton beam and the final lepton 
are polarized (the polarization transfer from the antiproton beam to the detected lepton), 
the antiproton beam and the proton target are both polarized (the double spin asymmetry 
coefficients), and finally when both leptons are polarized (the correlation coefficients). We 
also gave expressions for some triple polarization observables: when both hadrons in ini- 
tial state and one final lepton are polarized, and in the case when the antiproton beam is 
polarized and the polarization of both leptons is measured. 

We investigated the dependence of the unpolarized cross section, of the angular asym- 
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Fig. 6: (color online) Single spin asymmetry as a function of the antiproton energy in Lab system, 
for cos 01 = 0.95, for the parametrization [16], for /i (blue solid line), for e (black dash-dotted line), 
and for r. corresponding to (red dashed line) and to (red dotted line). 

metry and various polarization observables on the mass of the lepton. It was found that 
at small angles, the contribution which is proportional to IGgp dominates in the double 
analyzing powers A^^ and A^y (the case when both antiproton beam and proton target are 
polarized) and this effect arises due to the heavy lepton mass. In all other observables the 
electric contribution is suppressed by the factor ri~^. 
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Fig. 7: (color online) Double polarization observables as a function of cos 9 , for = 15 GeV^, 
using the parametrization from Ref. [IQ] in CMS. Notations as in Fig. HI 
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